The shear behavior of binary granular mixtures was studied using the 2D discrete element method (DEM). Various specimens were prepared using different volume fractions and shapes i.e., disk and peanut, of small particles. The analyses showed that the average particle rotation of both small and large particles is equivalent to the continuum rotation field. However, when a specimen contains small disks of volume fractions in the range 5% -15%, the average particle rotation is found to be much larger than the continuum rotation that accompanies the reduction in both shear resistance and thickness of the shear band. In such specimens, it was observed that many small particles were sandwiched by two large particles and underwent considerable rotation. In this paper, this irregular phenomenon is referred to as the "ball-bearing effect."
INTRODUCTION
It is well known that in the softening process under shear, the deformation of granular materials localizes and concentrates in an area of a specific thickness called shear band. The shear band is a unique deformation characteristic of granular materials and its thickness has been the subject of extensive research. It is important to understand the actual phenomenon such as the effect of grain size on the shear behavior. For example, the bearing resistance of coarse soil is considered to be the same as that of fine soil according to classical soil mechanics, which does not consider the shear band thickness. However, it is well known that the bearing capacity of coarse soil is larger than that of fine soil. Experimental studies have indicated that the shear band thickness of poorly graded sand is 10-20 times larger than its mean diameter 1)-3) . Binary mixtures, a mixture of granular materials of two sizes, have attracted attention in the geotechnical field for investigating the mechanical behavior of gravel-soil structures such as rockfill dams. Many experimental studies have indicated that the shear strength of a gravel-soil mixture is mostly controlled by gravel when the gravel content is high, whereas it is controlled by soil when the gravel content is low 4)-6) . Furthermore, similar thresholds were found for other mechanical characteristics such as compressive strength and fall cone penetration resistance in gravel-clay mixtures 7) . However, despite many experimental achievements, only a few theoretical interpretations of the contribution of each sized particles in binary mixtures have been presented 8) . Lupini et al. presented a detailed interpretation of shear band development in soil-clay mixtures with varying clay content 9) . However, observation of the shear band is difficult and may associate with non-negligible uncertainty. A numerical photogrammetry technique for measuring the movement of each grain including rotation was proposed, but this technique was only employed to observe the assemblies of specially prepared cylinders 10) . The discrete element method (DEM) is very useful for simulating the movement and rotation of each grain 11) . Previous research using DEM has revealed * Relative density was calculated using the maximum and minimum densities obtained by the packing simulations with interparticle friction angle of zero and 45 degrees, respectively 18) . that grain rotation plays an important role in shear band development 12) and the grain rotation of poorly graded granular material shows good agreement with the continuum rotation of the material 13), 14) . For poorly graded granular materials, such as those described above, the shear band characteristics have been researched experimentally, numerically, and theoretically. However, we still do not have much knowledge about the shear band nature of binary mixtures.
We considered the simplest binary granular mixture, which is composed of mono-sized large and small particles, whose grain size distribution is characterized by only two parameters, i.e., the volume fraction of the small particles W S and the particle size ratio . We selected these parameters by assuming that the particle size effect due to gravity, viscosity of fines, and crushability of gravels is negligible. W S and  are derived from the following equations, where M S and M A are the gross mass of small particles and all particles, and D L and D S are the diameters of the large particles and small particles, respectively:
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The ball-bearing effect in which the small particles are sandwiched by large particles and rotate and behave like lubricating agents is well known in the field of concrete technology. Fine spherical coal called "fly ash" is mixed with concrete to increase its workability without increasing the water-cement ratio e.g., 15) . We believe that the ball-bearing effect also affects the shear behavior of the binary mixture, depending on W S . In this study, a series of DEM shear simulations was conducted on three types of binary mixtures with different W S to investigate particle rotation, continuum rotation, and the shear band thickness. Furthermore, the influence of ball-bearing on these mechanical characteristics is discussed in this paper. Table 1 lists the simulation cases, where Types A and B are two types of peanut-shaped particles consisting of two clamped disks. Their elongation ratios (i.e., width(w) to length(l) ratios) are 0.67 and 0.80, respectively, as depicted in Fig. 1 . Type A is more elongated and Type B is more round compared with well-known sands such as Toyoura and Monterey sand, whose elongation ratios are 0.7 16) and 0.72 17) , respectively. The particle size ratio  was set as 10 in all cases and the content of small particles W S was varied from 0 to 100 %, as shown in Table 1 . Note that  of DP A and DP B are calculated using  = D L / w. Table 2 lists the physical parameters of the particles determined on the basis of previous studies e.g., 18) . Note that we conducted additional shearing simulations of disk assemblies with an interparticle friction angle of 45 degrees to examine its influence on the shear deformation. No significant differences were found with respect to the shear band thickness and particle rotation, whereas shear resistance was larger.
SIMULATION PROCEDURE
Among the simulated cases, DD with 10% and 50% W S are referred to as DD10 and DD50, respectively, and DP A with 10% W S and LP A with 10% W S are called DP A 10 and LP A 10, respectively.
A series of shear simulations on binary granular mixtures was performed using a 2D DEM program 19) . The simulations were conducted using the following steps: (1) Approximately 4,000 large and small particles were generated according to  and W S prescribed in Table 1 . (2) The assembled densely packed and loosely packed samples were isotropically compressed with interparticle friction angles of zero and 27 degrees, respectively. Note that the interparticle friction angle is an essential parameter that indicates grain surface roughness. In general, an assembly with a higher interparticle friction angle shows higher shear strength. Maximum and minimum densities were obtained for assemblies with interparticle friction angles of zero and 45 degrees, respectively 18) . (3) The particles in the top and bottom layers were unitized to form boundary plates and the right and left side of the assemblies were set as periodical boundaries. In particular, approximately 1/4 of the particles on the left side were kept as periodic particles throughout the calculation. The particles on the right side were stressed by the particles on the left side and vice versa, as if the assembly was sandwiched by the duplicated assemblies from the right and left sides. (4) The top plate was displaced in the right or left direction with a constant speed under a constant confining pressure (100 N/m) and the particle rotation was measured. The angle of shear resistance  was calculated by the following equations:
. (4) where (f 1 , f 2 ) and (l 1 , l 2 ) are the horizontal and vertical components of the contact force and the branch vector, respectively, ( 11 ,  12 ,  21 ,  22 ) are the stress components, and V is the total volume of the particles. The values of f and l were obtained by DEM.
To measure the continuum rotation and the shear band thickness, additional steps were conducted as follows: (5) The samples were horizontally divided into 10 layers, as shown in Fig. 2 . This process is based on the assumption that the shear band develops in a horizontal direction under this condition. The effects of the number of layers were verified beforehand. For 3-20 layers, the accuracy of the local shear deformation increased as the number of layers increased. In contrast, the dispersion of the particle rotations increased because the number of particles in the layer decreased. Therefore, the number of layers was determined to be 10 to ensure balance between these two effects.
(6) The continuum rotation  n (where n = 1, 2, 3 … 10) of each layer was obtained by calculating the deformation of each layer (Fig. 2) . (7) The particle rotation was measured layer by layer and compared with the continuum rotation. (8) The continuum rotation under the assumed uniform deformation  c was calculated (Fig. 2) .
(9) The shear band thickness was defined as the total thickness of layers sandwiched between the topmost and lowest layer, each having a value of  n greater than  c (Fig. 2) . The shear band was observed to be continuous layers of  n >  c , except for DD50. The thickness of each layer was smaller than the large particle size in DD50, which might affect the calculated value of  n . However, the development of separate shear bands was not observed in this study. Figure 3 shows an example of the shear resistance-strain curve of DD50, as an example, which shows the formation of a clear peak to reach the residual state. The deformation modes of A, B, and C in Fig. 3 , whose shear strains  S are 0.038, 0.11, and 0.23, respectively, are shown in Fig. 4 . After the assembly deforms uniformly (Fig. 4 A) , a shear band begins to develop as the stress state of the assembly shifts toward the residual state (Fig. 4 B, C) . The direction of the principal stress does not change in the residual state, and the influence of the change in the principal stress direction on shear band development is limited at this stage.
RESULTS
(1) Particle rotation versus continuum rotation Figure 5 schematically illustrates the relationship between the particle rotation and the continuum rotation on the basis of the finite deformation theory (Fig. 5(a) ) and the ball-bearing effect (Fig. 5(b) ). According to the finite deformation theory, the shear (Fig. 5 (a) ). Because of the rigid rotation, all particles rotate by some amount  (Fig. 5 (a) B) . However, in the stretching phase, the average particle rotation becomes zero (Fig. 5 (a) C) .
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As a result, the average particle rotation  a is identical to the continuum rotation (= rigid rotation ) of the assembly in the finite deformation theory. The particle rotation of the poorly graded granular materials agrees with the continuum rotation 14) . In contrast, in the ball-bearing condition in which the small particles are sandwiched by two large particles, the shear deformation is caused by the small particle rotation (Fig. 5 (b) ). The particle rotation  b becomes larger than the continuum rotation  when  b > . In this paper, therefore, the rotation of the large particles  L and the small particles  S were compared with the continuum rotation to clarify the ball-bearing effect. Figures 6 (a)-(d) show the shear deformations and Figs. 6 (e)-(f) compare the continuum rotation and the mean particle rotation of DD10, DD50, DP A 10, and LP A 10, respectively, in their residual state. Figure 6 (e) depicts that the large particle rotation shows good agreement with the continuum rotation, whereas the mean small particle rotation is (a) Deformation based on the finite deformation theory: A) itnitial state, B) rigid rotation and C) stretching.
(b) Deformation due to the ball-bearing effect: A) at initial state and B) after deformation. Journal of Japan Society of Civil Engineers, Ser. A2 (Applied Mechanics (AM)), Vol. 68, No. 1, 1-9, 2012. significantly different from the continuum rotations. This is because the small particles sandwiched by large particles rotate excessively like ball bearings, as shown in the close-up image of DD10 (Fig. 7) . In Fig. 7 , black denotes clockwise rotations greater than 180 degrees and gray denotes counterclockwise rotations greater than 180 degree.
Figure 6 (f) shows the particle rotations of both large and small particles, which agree with the continuum rotations of DD50. As shown in the close-up image of DD50 (Fig. 8) , a few small particles rotate like ball bearings. This is mainly because small Fig. 6 (a), (b), (c), (d) The images of particle assemblies in the residual state for DD10, DD50, DP A 10, and LP A 10, respectively.
(e), (f), (g), (h)
The continuum rotations and the particle rotations for DD10, DD50, DP A 10, and LP A 10, respectively. The dashed lines show the continuum rotation under the assumed uniform deformation  c .
Journal of Japan Society of Civil Engineers, Ser. A2 (Applied Mechanics (AM)), Vol. 68, No. 1, 1-9, 2012. DD50 particles have less flexibility than DD10 owing to more number of contact points.
Figure 6 (g) shows that the particle rotations agree well with the continuum rotations of DP A 10 even though its W S is the same as that of DD10. Only a few small peanut-shaped particles rotate excessively, as shown in the close-up image of DP A 10 (Fig. 9) . The ball-bearing effect of DP A 10 is considered to be less compared with that of DD10 because of the irregular shape of small particles.
Figure 6 (h) shows that the particle rotations generally agree with the continuum rotation. However, the small particle rotation is somewhat larger than the continuum rotation. This is mainly because the number of contact points of small particles of LP A 10 is less than that of DP A 10 owing to its loose packing state.
For quantitatively evaluating the ball-bearing effect, in Fig. 10 the average small particle rotations of DD10 and DD50 are compared with respect to the coordination number and those of the ball-bearing particles are separately plotted as stars. Note that in this paper, the small particles that are in contact with only two large particles and maintain contact during each simulation term (corresponding to 0.15 s) are defined as the ball-bearing particles. In general, the rotations of the ball-bearing particles are considerably larger than those of other small particles. In DD10 and DD50, the number of ball-bearing particles account for 4.7% and 0.13% of the total number of particles, respectively. The ball-bearing effect in DD50 is limited because the proportion of ball-bearing particles is very small compared with DD10 despite their average rotations are very large. Figure 11 compares the particle rotation and the continuum rotation for various values of W S . Small DD particles whose W S values range from 5% to 15% exhibit clear dominant ball-bearing effects compared with the other cases.
(2) Shear band thickness
A new parameter D m , a type of mean diameter, was introduced to evaluate the shear band thickness of a binary mixture. Figure 12 is a schematic illustration Fig. 7 The close-up image of DD10. Black denotes clockwise rotations greater than 180 degrees and gray denotes counterclockwise rotations greater than 180 degrees.
Fig. 8
The close-up image of DD50.
Fig. 9
The close-up image of DP A 10. Average small particle rotation (degrees)
Coordination number
Small particle in DD10 Ball-bearing particle in DD10 Small particle in DD50 Ball-bearing particle in DD50 Continuum rotation 4.7%
Ball-bearing particle rate Content of small particles, W S (%)
Large particle of DD / Large / Small particle of DP A / Large / Small particle of LP A / Large particle of DP B Small particle of DD Fig. 11 The difference between the absolute values of the particle rotation and the continuum rotation of DD, DP A , and LP A . Fig. 12(a) shows the particles in a binary mixture color coded according to their size; Fig.  12(b) denotes the ratio of the areas of the small particles to large particles W S :(100 − W S ); and Fig. 12(c) shows that the large and small particles are stacked in a single column corresponding to the ratio W S :(100 − W S ), where N b L and N b S denote the number of stacked large and small particles, respectively; D m is defined as a type of mean diameter, as follows:
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where D L and D S are the mean diameters of the large and small particles, respectively. Figure 13 compares the shear band thickness of DD, DP A , and DP B . The shear band becomes thinner with increasing W S and no significant difference is observed in the thickness in this simulation. Figure  14 shows the normalized shear band thickness calculated by dividing the shear band thickness by D m . With the exception of the DD10 case, the normalized shear bands range from 8 to 16, i.e., the shear band thickness is 8-16 times larger than the mean diameter, which is consistent with results obtained in previous studies 1)-3) . In contrast, the shear band thickness of DD10 is much smaller than the average thickness of DD. Figure 15 shows the frequency distributions of the coordination numbers of DD10 in the initial and residual state, and Fig. 16 shows those of DD50 for comparison. The frequency distributions of the initial state of DD10 and DD50 are similar and those of the residual state are very different. The frequency of coordination numbers having a value of one or two in the residual state is more in DD10 than in DD50. In the former case, the small particles sandwiched by two large particles are believed to rotate like a ball bearing, and they enable large deformations associated with the movement of the large particles in contact with them, as illustrated in Fig. 5 (b) . Figure 17 compares the number of small Journal of Japan Society of Civil Engineers, Ser. A2 (Applied Mechanics (AM)), Vol. 68, No. 1, 1-9, 2012. ball-bearing particles per large particle of DD in the initial state with those in the residual state. In all cases, the number of small ball-bearing particles increases during shear compared with that in the initial state because of the positive dilatancy during shear. At 10% W S , the small ball-bearing particles ratio was considerably larger than in other cases. This proves that the ball-bearing effect of small particles was most significant in this situation. Consequently, the thinner shear band of DD10 is considered to be significantly related to these small ball-bearing particles.
(3) Shear strength Figure 18 shows the angles of shear resistance for DD, DP A , and DP B in the peak and residual states. The peak shear strength of DD is almost constant irrespective of W S . In contrast, the peak shear strengths of DP A and DP B increase with increasing W S , which may be attributed to the particle shape effect of small clumped particles. The residual shear strength of DD decreases to some extent when W S is 10% compared with other values of W S . This implies that the residual shear strength is affected by the ball-bearing effect: the small ball-bearing particles reduce the chance that large particles will shear. However, contrary to our expectations, the effect of ball bearing on the shear strength is limited. It is mainly because the small particles sandwiched by large particles hardly keep rotating for a considerable term but were easily pushed out because the large particles were round in this simulation.
CONCLUSION
A series of DEM simulations was conducted on various types of binary mixtures to evaluate the shear band thickness, the continuum rotation, and the particle rotation. The following observations were obtained. 1) The particle rotation showed good agreement with the continuum rotation with the exception of the case involving densely packed binary disks, whose proportion of small particles is 10% (DD10). 2) A representative diameter was proposed to validate the shear band thickness. Most shear band thicknesses were 8-16 times larger than the representative diameter. In contrast, the shear band thickness of DD10 was much smaller than that obtained in other cases.
3) The residual shear strength of DD10 was smaller than that of other cases to some extent. However, the effect of the ball bearing on the shear strength was limited under the simulation conditions used in this study. 4) Small particles sandwiched by two large particles may act like a ball bearing and cause significant deformation that is associated with large particles. This mechanism is believed to be responsible for irregular particle rotation, thinner shear bands, and smaller residual shear strength of DD10. 
Content of small particles, W S (%) Fig. 18 The peak shear strength and the residual shear strength of DD, DP A , and DP B described using the angle of shear resistance.
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